We sought to elucidate the role of Rho guanine nucleotide exchange factor 5 (ARHGEF5) in tumorigenesis of lung adenocarcinoma cells. ARHGEF5 protein levels were assessed in 91 human lung adenocarcinoma specimens, and A549 and NCI-H1650 cells, by IHC and Western blotting. In addition, ARHGEF5 mRNA expression was evaluated by quantitative reverse transcriptase-PCR. Furthermore, ARHGEF5 long and short isoform coexpression was detected by immunofluorescence. Finally, flow cytometry; CCK8 and wound-healing assays; cell invasion, migration and adhesion; and xenografts were used to evaluate the biologic significance of ARHGEF5. ARHGEF5 was significantly increased in lung adenocarcinoma tissues and cell lines. Interestingly, ARHGEF5 levels were significantly associated with tumor grade and pathologic stage, but not age, gender, T stage, or lymph node metastasis status. ARHGEF5 knockdown by RNAi resulted in dramatically reduced proliferation, adhesion, invasion, and migratory capability of A549 and NCI-H1650 cells. Likewise, protein levels of p-Src, p-Akt, and NF-kB were significantly decreased after ARHGEF5 knockdown. In parallel, increased S-phase population and MMP-2/cyclin D1 expression were observed in the cancer cells, which were not apoptotic. In addition, ARHGEF5 knockdown A549 and NCI-H1650 cells injected s.c. and i.v. into nude mice exhibited decreased xenograft volume and overtly reduced metastasis. Conversely, ARH-GEF5 overexpression in A549 and NCI-H1650 cells increased their tumorigenicity in vitro. ARHGEF5 acts as a proto-oncogene in human lung adenocarcinoma cell tumorigenesis.
Introduction
Non-small cell lung cancer (NSCLC), caused by adenocarcinoma cells, is the most common type of lung cancer; its overall 5-year survival rate has remained at 15% for the past two decades (1) . This high mortality is attributed to early metastasis (2) . As cancer cells become metastatic and endothelial cells angiogenic, they develop altered affinity and avidity for their extracellular matrix (ECM; ref. 3) . The degradation of basement membranes and stromal ECM are crucial in tumor invasion and metastasis. Matrix metalloproteinases (MMP) are zinc-dependent endopeptidases, responsible for ECM degradation (4) . Interestingly, overexpression of ECM-degrading enzymes was observed in metastasis (5) . Indeed, expression of MMP-2 and MMP-9 is associated with high metastasis potential in several human carcinomas (6) . In addition, MMP-2/9 upregulation in NSCLC is significantly associated with poor clinical improvement of patients (7, 8) . MMPs are primarily regulated at the transcriptional level through activation protein-1 (AP-1) or NF-kB (9) . Rho guanine nucleotide exchange factor 5 (ARHGEF5) belongs to the Dbl family of guanine nucleotide exchange factors (GEF) of Rho GTPases (10) . ARHGEF5 has two isoforms encoded by a single mRNA. The short isoform consists of the 519 C-terminal amino acids of ARHGEF5 and is known as transforming immortalized mammary (TIM); TIM mRNA expression is increased in lung carcinoma (11) . TIM is considered a potent RhoA activator in vivo, regulating the RhoA-mediated stress fiber reorganization; in addition, TIM was identified as a potential (11) was shown to play a role in breast tumor progression (12) . The full-length isoform, encompassing the entire ARHGEF5 gene with 1597 amino acids, has been rarely studied. Kuroiwa and colleagues (13) demonstrated that ARHGEF5 enhances thick stress fiber formation by activating RhoA, and plays a key role in Src-induced podosome formation by linking the Src and PI3K pathways. Interestingly, the Src-ARHGEF5-PI3K complex was detected in highly metastatic colon adenocarcinoma LuM1 cells (14) , but not in modestly metastatic NM11 cells. In addition, ARHGEF5 upregulation was observed in LuM1 cells in contrast with NM11 cells. We have previously demonstrated that coexpression of ARHGEF and src results in shorter patient survival time (15) . These intriguing examples suggest a potential correlation between the ARHGEF5 complex formation and invasive or metastatic ability of cancer cells. Therefore, we inferred that activated PI3K in the ARHGEF5 complex might induce Akt-related pathways, such as the AP-1 and NF-kB pathways, leading to promotion of tumor metastasis by MMPs or cyclin D1 (16) .
The biologic relevance of ARHGEF5 is not fully understood. Therefore, we aimed herein to elucidate the biologic effect of ARHGEF5 in lung adenocarcinoma. We found a high-expression level of total ARHGEF5 protein in most lung adenocarcinoma samples. Interestingly, downregulation of both short/long ARHGEF5 isoforms inhibited the proliferation and migration potential of cancer cells in vitro and in vivo. These findings suggest a proto-oncogenic role for ARHGEF5 in human lung adenocarcinoma cell tumorigenesis.
Materials and Methods
Tissue specimens, cell lines, and animals Ninety-one tumor tissues were obtained from lung adenocarcinoma patients who underwent surgery from January 2004 to July 2010 at Southwest Hospital of Third Military Medical University. Tissue microarrays and IHC scoring were performed as previously described (15) . This study was carried out in accordance with the principles of the Helsinki Declaration and approved by the Ethics Committee of the Third Military Medical University. Written informed consent was provided by each patient.
The human lung adenocarcinoma cell lines A549 and NCI-H1650 were obtained from the ATCC in June 2014. The A549 cell line was isolated from a 58-year-old male Caucasion, and the NCI-H1650 cell line was isolated from a metastatic site of pleural effusion of 27-year-old male Caucasion white who suffered from a stage IIIB adenocarcinoma of the lung, and maintained in RPMI-1640 or DMEM (Trace) supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 C, in a humid environment containing 5% CO 2 .
Six-week-old female nude mice were purchased from the Experimental Animal Center of Third Military Medical University. Animal care was provided in accordance with the Guidelines for the Care and Use of Laboratory Animals, and all experiments were approved by the Ethics Committee of the Third Military Medical University. Animals were allowed free access to food and water.
Quantitative reverse transcriptase-PCR
Total RNA was extracted from frozen tissue specimens and cultured cells with TRizol (Roche) following the manufacturer's instructions. Relative ARHGEF5 mRNA levels were determined by reverse transcriptase (RT)-PCR on a Thermo PCR System (Thermo Fisher Scientific). The expression of target genes was normalized to b-actin and assessed by the 2 ÀDDCt method. The following primers were used: ARHGEF5-
Immunoblotting Tumor tissues or cells were lysed in lysis buffer containing 50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 0.5% NP40, 0.5% sodium deoxycholate, and Protease Inhibitor Cocktail Set III (Calbiochem). Proteins were separated by SDSPAGE and electro-transferred onto polyvinylidene difluoride membranes. After blocking, membranes were incubated with rabbit polyclonal antihuman ARHGEF5 and b-actin antibodies (Abcam), and anti-psrc (R&D Systems), p-Akt, MMP-2, NF-kB p65, and cyclin D1 (Santa Cruz Biotechnology). The signals were detected using the Enhanced Chemiluminescence Kit (GE Healthcare Biosciences).
Confocal laser scanning microscopy
Immunofluorescent staining was performed to localize the expression of ARHGEF5 and Src (R&D Systems). A549 and H1650 cells cultured on glass coverslips were fixed and successively incubated with primary antibodies against human ARH-GEF5 (Abcam) overnight at 4 C, and myc (Santa Cruz Biotechnology) or Cy5 (Beyotime) conjugated secondary antibodies, at 37 C for 1 hour. Finally, cells were counterstained with Hoechst 33342 and analyzed by confocal microscopy.
Immunohistochemistry
For IHC, anti-ARHGEF5, or Src antibodies were added for 1 hour at 37 C and 4 C overnight. The reactions were developed by EnVision (DAKO); signals were visualized using the diaminobenzidine solution (DAKO) and light counterstaining with hematoxylin. Human pancreas tissues were chosen as positive controls. The slides were assessed by two blinded histopathologists.
Construction of stable ARHGEF5 overexpression and knockdown cell lines
ARHGEF5 was stably overexpressed and knocked down in cells according to methods described previously (17) . ARHGEF5-specific RNAi targeting GATTAAGGTCACCGTTGCA (positive-sense strand, 5
0 -GAUUAAGGUCACCGU UGCA-3 0 ; antisense strand, 3 0 -CUAAUUCCAGUGGCAACGU-5 0 ) was designed. Full-length ARHGEF5 cDNA (5.5 kbp) and RNAi expression vectors were constructed using pMagic 7.1 (Sunbio) and transfected into A549 and NCI-H1650 cells (cDNA and RNAi, respectively). Empty virus was transfected into cells in negative control groups (Mock for cDNA and RNAi). The intact A549 or H1650 were considered parental cells (Par). The transfected cells were seeded into a 24-well plate at 1.67 Â 10 5 cells per well, incubated overnight, and infected with lentivirus at a multiplicity of infection of 20 and 40, respectively, with polybrene at 5 mg/mL. Cells were cultured under selection with 2 mg/mL puromycin. Stable expression or knockdown in cells was verified by Western blotting after 3 weeks of growth. As controls, cells were transfected with empty pMagic 7.1 (Par) to generate shControl.
Cell Counting Kit-8 (CCK8) assay
Cell viability was performed using the Dojindo Cell Counting Kit-8 according to the manufacturer's instructions. After cell treatment with triptolide at various concentrations for 24, 48, and 72 hours, 10 mL tetrazolium substrate was added for 1 hour at 37 C and optical density (OD) was measured at 450 nm on a Fluorescence Spectrophotometer (F-2500; HITACHI). Cell inhibitory rate was calculated as [1- 
Cell-cycle analysis using flow cytometry Cancer cells were harvested and fixed in 75% ethanol at 4 C for 24 hours. After incubation with RNase at 37 C, cells were stained with propidium iodide (PI) for 15 minutes and analyzed on a FACScan flow cytometer (BD Biosciences).
Cell invasion, migration, and adhesion assays
For invasion assays, cells were plated onto Matrigel-coated chambers. The number of invading or migrated cells was counted in five distinct areas at Â400 magnification. Four wells were set per cell line.
Migration assays included wound-healing and Transwell chamber assays. For wound-healing experiments, A549 and H1650 cells were seeded into 6-well dishes. At 80% to 90% confluence, a sterilized pipette tip was used for wound generation across the monolayer. Cells migrated into the wounded area or protruded from the wound border were visualized and imaged under inverted microscopy. Nine areas were randomly selected in each well at Â100 magnification and 3-wells per cell group were analyzed. For Transwell chamber migration assay, A549 and H1650 cells that migrated into the lower chambers were counted.
For adhesion assays, A549 or H1650 cells were plated at 4 Â 10 4 /mL onto fibronectin-coated culture dishes, and the attached cells were harvested and quantified. Cell invasion and migration were evaluated in Transwells: 1 Â 10 4 cells per well were added in upper chambers and pure FCS was placed in lower chambers as chemoattractants. After incubation (12 hours, 37 C) the cells remaining in upper chambers were removed and those that migrated to lower chambers fixed and stained with hematoxylin.
Xenografts generation
Nude mice were acclimated for a week and randomly divided into 2 groups to receive ARHGEF5 knockdown (RNAi group) or control (Par group and Mock group) A549 or H1650 cells, injected s.c. in the groin (5 Â 10 5 in 0.1 mL serum-free DMEM medium, 5 mice/group) or lateral tail veins (1 Â 10 7 in 0.2 mL serum-free DMEM medium, 10 mice/group). Animals were sacrificed after 4 weeks. Tumor size, defined as 3.14 Â length Â width Â depth)/6 (mm 3 ), was measured with calipers. Incidence of lung metastasis in nude mice and regional lymph nodes was assessed by an experienced pathologist. IHC was performed for ARHGEF5 detection. Tumor tissues were stained using hematoxylin and eosin (H&E).
Statistical analysis
SPSS 19.0 (SPSS Inc.) was used to perform statistical analyses. The c 2 and likelihood ratio tests were used to assess the significance of differences recorded in various clinical parameters. The c 2 test was used to assess the association between clinical features and the expression of biologic factors. Data were obtained from three to five independent experiments. A P value of <0.05 was considered statistically significant.
Results
ARHGEF5 is expressed in most human lung adenocarcinoma tissues and cell lines To determine the clinical significance of ARHGEF5, patients with ARHGEF5-negative and -positive tumors were compared with respect to demographic (age and gender) and prognostic [tumor size (cm) and stage (I-III)] variables using the c 2 test. For the 91 patients analyzed, the mean age was 58.76 AE 11.94, and 56.04% were males. Of the patients whose staging data were available, resected lesions measured 3.1 AE 0.93 cm. The ARHGEF5 protein was detected mainly in the cytoplasm of tumor cells near the basement membrane (Fig. 1A) Table S1 ). Interestingly, ARHGEF5 overexpression was correlated with tumor grade, pathologic stage I/II/III, with P ¼ 0.026 and P ¼ 0.044, respectively. However, patient gender, age, and lymph node metastasis were not correlated with ARHGEF5 expression (Table 1) . These findings demonstrated the overexpression in ARHGEF5 in tumor tissues.
We further assessed the expression of ARHGEF5 isoforms in lung adenocarcinoma cells A549 (primary tumor) and H1650 (isolated from metastatic sites). Short-length ARHGEF5 isoform expression level was higher in H1650 than in A549. The opposite was obtained for ARHGEF5 long isoform (Fig. 1B) . Confocal microscopy revealed that ARHGEF5 long and short isoforms were coexpressed in the cytoplasm of both cell lines (Fig. 1C) .
ARHGEF5 induces cell proliferation but not apoptosis
As shown in Fig. 2A and B, ARHGEF5 was overexpressed in the cDNA (overexpression) group and downregulated in the RNAi (knockdown) group compared with the Par or Mock group in both A549 and H1650 cells. Cell proliferation was inhibited in the RNAi group and increased after ARHGEF5 overexpression ( Fig. 2C  and D Fig. 2E and F) . Invasion, migration, and adhesion of A549 and H1650 cells after knockdown (RNAi) or overexpression (cDNA) of ARHGEF5. A and B, cells were plated onto Matrigel-coated chambers and, after 60 minutes, the number of invasion cells was counted in five distinct areas at Â400 magnification. Cells that migrated from Matrigel-coated culture dishes to the lower chambers are shown: A, A549; B, H1650 ( Ã , P < 0.05; ÃÃ , P < 0.01 vs. Par). C and D, A549 and H1650 cells were seeded into 6-well dishes and wound-healing assays were performed. A sterilized 1-mL pipette tip was used for wound generation across the cell monolayer. Migration of cells into the wound was then observed at different time points; magnitude, Â100. Cells that migrated into the wound are shown: C, A549; D, H1650. E and F, cell migration was determined using a Transwell assay. Cells that migrated into the lower chambers were counted and a migration graph was plotted for different cell transfectants. G and H, cells were plated onto fibronectin-coated plates and adherent cells were counted (E, A549; F, H1650). ÃÃ , P < 0.01 vs. Par.
ARHGEF5 activates cancer cell adhesion, invasion, and migration Next, we assessed the effect of ARHGEF5 regulation on cancer cell adhesion. ARHGEF5 knockdown cells (RNAi) exhibited significantly lower invasion and migration capability compared with controls (Par and Mock cells) at 60 minutes (Fig. 3A-F) . In adhesion assays, cells with reduced ARHGEF5 levels (RNAi) showed lower cell adhesion capability ( Fig. 3G and H) .
ARHGEF5 overexpression or silencing results in regulation of signaling effectors
Next, we determined whether the expression of MMPs, key mediators in ECM degradation and cell migration into surrounding tissues, was regulated by ARHGEF5. We found that ARHGEF5 knockdown by RNAi resulted in the reduction of MMP-2 levels, whereas ARHGEF5 overexpression increased the levels of MMP-2. Similar results were obtained for cyclin D1, an important protein affecting cell-cycle and proliferation. Moreover, p-Src, p-Akt, and NF-kB presented the same trend in A549 and H1650 cell lines (Fig. 4) .
ARHGEF5 knockdown inhibited tumor growth and metastasis in vivo
To analyze the effect of ARHGEF5 on tumorigenic potential of A549 and H1650, cells transfected with ARHGEF5 RNAi were implanted orthotopically into nude mice. Figure 5A shows tumor Figure 5B shows H&E staining images of xenograft tumors. IHC assays showed that xenografts from ARHGEF5 knockdown cells exhibited less ARHGEF5 expression (Fig. 5C) . Moreover, the incidence of lung metastasis in nude mice s.c. injected ARHGEF5 knockdown (RNAi) A549 or H1650 cells was significantly lower than that of Par cells (Supplementary Table S2 ).
Discussion
ARHGEF5 plays an important role in cancer. However, little is known about its expression pattern in NSCLC, and its role in tumor invasion, metastasis, and other aspects of cancer progression. Herein, we demonstrated the elevated ARHGEF5 protein levels in lung adenocarcinoma tissues and cell lines. To our knowledge, this is the first report showing that ARH-GEF5 may contribute to lung adenocarcinoma cell tumorigenesis by promoting the expression of migration-related MMP-2 and proliferation-related cyclin D1, with subsequent downstream changes in biologic behavior. We further demonstrated that regulation of ARHGEF5 modulates the p-Akt-NF-kB-MMP-2-cyclin D1 pathway, suggesting the p-src-ARHGEF5-PI3K-Akt-NF-kB-MMP-2-cyclin D1 axis to be, at least in part, an oncogenic route by which ARHGEF5 contributes to lung adenocarcinoma tumorigenesis.
In human lung cancer, multiple studies have revealed involvement of the deregulation of GEFs (18), such as Tiam1, ECT2, and Vav1-3 (19) (20) (21) . In agreement, we demonstrated that ARHGEF5 was highly expressed in lung adenocarcinoma tissues and cultured cells. In addition, we showed that ARH-GEF5 levels were highly correlated with tumor grade and pathologic stage. Likewise, high Src kinase activity (22) has been observed in many cancer types, including lung cancer (23, 24) . Src may stimulate tumorigenesis in NSCLC in a variety of ways, for example, affecting the STAT-3 and focal adhesion kinase-related pathways, both of which are involved in tumor survival (25, 26) . Indeed, Src activates the VEGF pathway via STAT-3 (27) in response to hypoxia in human lung adenocarcinoma cells, thus increasing blood supply to the oxygenstarved tumors (28) .
Multiple genetic abnormalities have been observed in NSCLC: Activation of the MAPK pathway, EGFR, and KRAS mutations (29) . These changes may directly affect lung cancer etiology or indirectly affect the regulation of the cancer-related signaling network (30) . As a potential oncogene, the role of ARHGEF5 in the signaling network of cancer is unclear.
Interestingly, ARHGEF5 is able to bind Src and PI3K upon phosphorylation to form a complex in Src-induced podosome formation (13) . Our previous report demonstrated a direct interaction between ARHGEF5 and Src (15) . Herein, we found that long (170 kDa) and short (60 kDa) ARHGEF5 isoforms were coexpressed in lung adenocarcinoma cells A549 and H1650.
TIM is a potent activator of RhoA that also exhibits activity toward Rac1 and Cdc42 in vivo; it also potentiates the serum response factor-and AP-1-regulated transcriptional activities, and activates the SAPK-JNK signaling pathway (11) . Moreover, ARHGEF5 is the first RhoA GEF found to be directly regulated by Gi proteins (31). PI3K plays a role in cell proliferation and antiapoptosis, both of which are crucial to cancer development (32) . AKT is one of the most important downstream targets of PI3K that transmits oncogenic signals and mediates a variety of cellular responses (33) . In present study, we demonstrated that ARHGEF5 regulation modulated p-Akt, which is upstream to NF-kB. Therefore, depletion of ARHGEF5 resulted in decreased activation of NF-kB as shown above. However, the mechanisms underlying ARHGEF5 effect on NF-kB remain unclear. Of note, constitutive activation of NF-kB is significantly correlated with tumor metastasis in various cancers (34, 35) . In addition, stromal cell-derived factor-1 enhanced motility through an ERK-and NF-kB-dependent pathway in human lung cancer cells (36) .
Compared with control cells, ARHGEF5 overexpression and knockdown cells resulted in, respectively, increase and decrease of proliferation, indicating that ARHGEF5 promotes the proliferative capacity of these cells. It is known that NF-kB binds to the cyclin D1 promoter (26) . Because decrease in cellular proliferation could result from increased apoptosis, we examined whether ARHGEF5 depletion alters cell survival in lung adenocarcinoma cells. Interestingly, ARHGEF5 silencing did not affect apoptosis in A549 and H1650 cells, indicating that ARHGEF5 in lung adenocarcinoma participates in cellular proliferation, but not cell survival pathways. Taken together, these data suggest that ARHGEF5 induces proliferation of lung adenocarcinoma cells, likely through cyclin D1 regulation.
Enzymatic degradation of ECM is a crucial step in cancer invasion and metastasis (3, 4) . MMPs play a key role in carcinogenesis. Multiple reports have confirmed that expression of MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B) is strongly linked to tumor metastasis in various human cancers (37) , and critical for the invasive and metastatic potential of lung carcinoma cells. (38, 39) In the lung, MMP-2 and MMP-9 are produced by a variety of cells. Pardo and colleagues (40) reported high gene expression of MMP-2 in type II alveolar epithelial cells (e.g., A549 cells). In addition, MMP-2 and MMP-9 have been associated with increased tumor spread and poor prognosis in lung cancer (7, 8) . Furthermore, previous studies have shown a significant prognostic value for MMP-2 in NSCLC (41) . Interestingly, expression and activation of MMP-2 and MMP-9 are complexly controlled by upstream signaling pathways, such as MAPKs (42) , integrin (43) , and discoidin domain receptor 2 (44) . The transcription of MMP-2 and MMP-9 genes is regulated by upstream regulatory sequences, including NFkB-, AP-1-, and Ets-1-binding sites (9) . As shown above, knockdown of ARHGEF5 resulted in decreased levels of MMP-2. MMP-9 plays an important role in tumor cell invasion, metastasis, and angiogenesis (45), but no relationship was found between ARH-GEF5 and MMP-9. It should be noted that MMP expression is modulated by activation of AKT, MAPK, and NF-kB (46) (47) (48) .
In conclusion, ARHGEF5 is expressed at high levels in most human lung adenocarcinoma, and its overexpression increased proliferation and invasion of cancer cells in vitro, reflecting its action on growth and metastasis of xenograft tumors in vivo. In addition, the present work suggests a plausible mechanism in which Src-ARHGEF5-PI3K activates the p-Akt pathway and increases NF-kB levels, leading to MMP-2 and cyclin D1 upregulation. Finally, our findings provide further insight into the PI3K-Akt signaling pathway and NF-kB transcriptional activity in A549 and H1650 cancer cells. Overall, ARHGEF5 may promote lung adenocarcinoma cells, and therefore constitutes a candidate molecular target for cancer therapy.
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